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I N T R O D U C T I O N
Smooth-pursuit eye movements are controlled by the image motion that is created on the retina when objects move with respect to the stationary or moving eye. The visual motion inputs for pursuit arise in the middle temporal area (MT) of the extrastriate visual cortex and are transmitted through the medial superior temporal area (MST) to the frontal pursuit area (FPA) in the arcuate sulcus. All three of these areas provide outputs to subcortical components of the neural circuit for pursuit (Boussaoud et al. 1992; Glickstein et al. 1980) . In MT, the signals recorded during pursuit appear to be related mainly to the visual inputs caused by image motion. Even during maintained pursuit, when image motion is small, momentarily extinguishing the target causes the responses of MT neurons to cease (Newsome et al. 1988 ). Thus we say that the signals emanating from MT are "retinal." In contrast, many neurons in MST continue to discharge during momentary extinction of a pursuit target and are therefore considered to provide outputs based on "extraretinal" as well as retinal signals (Ilg and Thier 2003; Newsome et al. 1988) .
The existence of extraretinal signals in MST raises two sets of related questions that are addressed in the present paper. Prior physiological data have demonstrated that the pursuit responses of MST neurons depend on the direction of smooth eye motion (Erickson and Thier 1991; Newsome et al. 1988; Squatrito and Maioli 1997) . However, considerably less is known about the relationship between the firing rate of MST neurons and the magnitude of eye velocity during pursuit. One study varied speed in the context of other experiments but only over a narrow range (Shenoy et al. 2002) . The relationship between the speed tuning of retinal versus extraretinal responses also has yet to be explored.
Two features of pursuit provide a conceptual structure to help to understand possible roles for the extraretinal signals in MST. First, pursuit shows "velocity memory": subjects continue to pursue at the preexisting eye velocity even after image motion from a target has been eliminated by stabilizing the target relative to the smoothly moving eye . Newsome et al. (1988) suggested that the extraretinal output of MST could contribute to velocity memory, whereas Lisberger and Fuchs (1978) have suggested that velocity memory would be a function for positive feedback of eye-velocity signals through the floccular complex of the cerebellum. Second, the strength of visual-motor transmission for pursuit is subject to "gain control": in both humans and monkeys, the response to a brief perturbation of image motion is small during fixation and grows as a function of ongoing eye velocity during pursuit (Churchland and Lisberger 2002; Schwartz and Lisberger 1994) . Microstimulation experiments have shown that the output from the FPA is able to control the internal gain of pursuit (Tanaka and Lisberger 2002) . Because MST neurons project to the FPA, the extraretinal responses in MST could contribute to regulation of gain control by the FPA.
In the present paper, we have used target stabilization to study the extraretinal component of MST neuron responses in isolation from the retinal components. We have found that the firing rate caused by the extraretinal inputs is related to the speed of pursuit. Comparison of the eye velocity precision of the extraretinal signals in MST and the setting of the pursuit gain control implies that the extraretinal signals in MST may be suited best to contribute to regulation of the internal gain of pursuit.
M E T H O D S
Eye movement and neural recordings were obtained from two adult male rhesus monkeys (Macaca mulatta) that had been trained to fixate and pursue visual targets for fluid reward. Monkeys were implanted with a stainless steel socket for head restraint and a scleral search coil for measuring eye position, using methods described in detail elsewhere (Churchland and Lisberger 2000) . After initial training, monkeys were implanted with stainless steel or cilux cylinders (Crist Instruments, Hagerstown, MD) to allow access to MST for neural recordings. Surgeries were conducted using sterile technique with the monkeys under isofluorane anesthesia, and analgesics were given under the supervision of veterinarians and veterinary nurses during the recovery after each surgical procedure. For each experimental session, the monkey sat in a primate chair and the implanted socket was used to affix the head to the ceiling of the chair. A tube was positioned at the monkey's mouth for dispensing fluid rewards. All procedures were approved in advance by the Institutional Animal Care and Use Committee at the University of California, San Francisco and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Stimulus presentation
Visual stimuli were displayed on a 12-in diagonal analog oscilloscope. The display was positioned 30 cm from the monkey and subtended horizontal and vertical angles of 50 and 40°. Stimuli consisted of either single spots or patches of moving dots. The aperture size for patches of dots varied from 10 ϫ 10°to 30 ϫ 30°d epending on exact experiment being conducted and the preferences of the neuron under study. Different trials were customized to analyze visual responses during fixation or extraretinal responses during pursuit.
To analyze visual responses, patches of moving dots were presented while the monkey fixated a stationary spot. Each trial began with the appearance of a fixation point, followed 600 ms later by the appearance of a stationary patch. Two hundred milliseconds later, dots in the patch began to move coherently behind a stationary virtual window, and continued to move for 500 ms. The patch then was extinguished and the fixation light remained on for 200 ms. Analysis of the monkey's eye velocity during presentation of the moving stimulus revealed that fixation was excellent: eye velocity was transiently 0.76°/s for the highest speed tested (128°/s) and was smaller at lower speeds. The small drifts caused by the moving stimulus were insufficiently large or sustained to evoke a substantial extraretinal response or to have a material effect on the speed of image motion across the retina.
To analyze pursuit, trials began with the appearance of a fixation point that was between 2 and 10°eccentric from the center of the screen along the preferred-null axis for the neuron under study. The fixation position was chosen to be progressively more eccentric for faster target speeds so that the 300-ms interval used for data analysis always took place when the eyes were as close as possible to the center of the orbit. Monkeys were required to maintain fixation for a time that varied randomly between 1,000 and 1,200 ms. The target then underwent "step-ramp" target motion (Rashbass 1961) . It stepped away from and immediately began to move back toward the position of fixation at one of six speeds: 2, 5, 10, 15, 20, and 30°/s. Target motion continued for 1,000 -1,200 ms. The monkey was required to maintain eye position within 3°of target motion throughout the trial or the trial was terminated and the data excluded from analysis.
Three precautions were taken to minimize the presence of visual motion inputs from the stationary background during ongoing pursuit. First, responses were recorded in complete darkness except for the target. Darkness was assessed both by measuring the ambient illumination in the room (0.0 cd/m 2 ) and by dark-adapting experimenters in the room for Ͼ20 min to ensure that they could not detect any light sources that had been overlooked. Second, the analog oscilloscope we used was selected because it provides less ambient illumination than traditional video displays or video projection systems. Pursuit targets were extremely small and dim (ϳ0.2°across, 1.6 cd/m 2 ) so they caused no increase in the ambient illumination in the room. The specifications of the display oscilloscopes indicate that the phosphor decayed to 10% of its maximal level in 10 s to 1 ms. Third, data collection was routinely stopped for ϳ30 s every 10 min so that the monkeys could be presented with normal levels of ambient illumination to prevent full dark adaptation.
To study extraretinal signals in isolation, we included trials containing target stabilization. After the monkey had achieved accurate steady-state tracking, the target was driven for 300 ms by a properly scaled and offset version of the eye position voltage, so that the target remained exactly in front of the moving eye . As a result, target velocity was driven by eye velocity (Fig. 1A , gray trace) so that the target could caused little or no image motion on the retina. Stabilization was imposed 340 ms after the onset of target motion at a time when pursuit eye velocity had already reached a steady-state close to target velocity. After the end of the stabilization period, the target continued to move for a variable amount of time that depended on speed and was randomized within each speed so that the monkey could not predict when the trial would end. The gray trace in Fig. 1B shows an example of the eye velocity evoked during target stabilization. Trials with and without a period of target stabilization were of the same duration and were presented in equal numbers to FIG. 1. Target-and eye-velocity traces demonstrating target stabilization with respect to the moving eye. A: target velocity at 5°/s except for a 300-ms interval when it could continue uninterrupted, be stabilized on the moving eye, or be stabilized with the addition of constant image motion. Different colors show different conditions of target stabilization: black, control target motion; gray, stabilization without added image motion; red, blue, and green, Ϯ0.5, Ϯ1, or Ϯ2°/s image motion added on top of stabilization. The small step in target velocity at the onset of stabilization indicates that eye velocity was slightly greater than target velocity at this moment. B: eye velocity in response to the different target velocities in A. Dotted lines next to the green traces show 1 SD of eye velocity.
help prevent the monkey from detecting and possibly anticipating the period of target stabilization.
In separate experiments that did not incorporate image stabilization, brief perturbations of target velocity were presented either during fixation or 300 ms after the target began to move in one of two directions (left and right) at six different target speeds (2, 5, 10, 15, 20 , and 30°/s), after pursuit had been initiated successfully so that eye velocity was close to target velocity. Perturbations consisted of modulation of target velocity by a single cycle of a sine wave with a frequency of 5 or 10 Hz and a peak-to-peak amplitude of 4 or 8°/s. Perturbations presented during pursuit always caused target speed to first increase and then decrease ("peak-first" orientation) because responses are easier to interpret for peak-first than for trough-first perturbations (Churchland and Lisberger 2002) . Perturbations presented during fixation caused the target to move first to either the left or the right. Trials were not used for analysis if the monkey did not complete the trial correctly by maintaining eye position within the 2.5 o of target position. The position excursion of the perturbations was too small to disrupt the monkey's ability to fulfill the fixation requirements and complete the trial.
Eye movement and neural recordings
Signals related to horizontal eye velocity and eye position were digitized at a sampling rate of 1,000 Hz for each channel. The eye-position signal was low-pass filtered with a cutoff at 300 Hz. Voltages proportional to eye velocity were obtained by processing the eye-position signals with an analog circuit that differentiated signal content at frequencies Յ25 Hz and filtered signal content of higher frequencies (Ϫ20 dB per decade). Data analysis was performed after the experiment.
Image stabilization can come close to eliminating image motion only if the eye coil is properly calibrated. Therefore we used very small fixation targets to calibrate the eye coil, took great care to get the calibration right, and always re-checked the calibration when a new neuron was encountered. Two observations give us some confidence in the quality of the calibration. First, eye velocity responses in stabilized and control trials were very similar during periods where the target was stabilized (gray and black traces are within 1°/s of each other in Fig. 1B ). Large differences in responses to the two types of trials would indicate that stabilizing the target was interrupting the monkey's pursuit perhaps because the calibration was poor and the target was moving with respect to the eye when the computer's command was for stabilization. Eye-velocity responses measured during recordings from eight neurons showed larger differences between the control and stabilized trials: to be conservative, these were excluded from further analysis. Second, imposing small amounts of image motion during the stabilized period (Fig. 1A , red, blue, and green traces) had the expected effects on eye velocity . Figure 1B shows data from an experiment in which target velocity during the stabilized period equaled the monkey's eye velocity plus or minus 0, 0.5, 1, or 2°/s of imposed image motion (gray, red, blue, and green traces in Fig. 1 ). That we could detect the effect of as little as 0.5°/s of image velocity on eye velocity (red traces) gave us confidence that we could use the comparison of control and stabilized eye velocities to detect instances of poor calibration.
Extracellular action potentials were recorded from single units in area MST using sharp, 1-to 3-M⍀ tungsten microelectrodes (Frederick Haer, Bowdoinham, ME). The voltage recorded by the electrode was amplified conventionally (Dagan, Minneapolis, MN), band-pass filtered from 100 Hz to 5 or 10 kHz, and viewed on an analog oscilloscope. The location of each electrode penetration was selected by inserting a guide tube into the chosen hole in a plastic grid (Crist Instruments) that was positioned in the implanted recording cylinder. Electrodes were introduced approximately perpendicular to the cortical surface and penetrations usually went sequentially through MST, the lumen of the superior temporal sulcus, and MT. Neurons were identified as being within of MST if they were dorsal to the lumen and had large receptive fields Tanaka et al. 1986 ). Receptive fields frequently included the fovea and large parts of the ipsilateral visual field. Neurons with smaller receptive fields were categorized as MST neurons if they were close to neurons that were clearly MST neurons or if they were definitely dorsal to the lumen of the superior temporal sulcus. Based on electrophysiological landmarks and the locations of our electrode penetrations, we are confident that our sample of neurons was recorded in area MST. However, to be conservative in our identification of MST neurons, we excluded neurons on the basis that they could have been MT neurons if they had small, purely contralateral receptive fields and were recorded more ventrally without subsequent observation of a clear pass through the lumen of the STS. For this reason, our sample from MST is likely to include more neurons from MSTd than MSTl Tanaka et al. 1986 ). Histology is not available because one monkey is currently being used in other experiments and the other has been retired to a sanctuary.
Experimental protocol
When a neuron was first isolated, a series of tests was conducted to determine the optimal size, receptive field placement, and direction of motion for the patch of dots used as a visual stimulus. Because most neurons had large receptive fields that included at least the contralateral hemifield, a 30 ϫ 30°patch that occupied most of the contralateral field was most frequently used. The patch was placed in the ipsilateral portion of the visual field if receptive field mapping indicated that visual stimuli were more effective when placed there. The 30 ϫ 30°patch contained 500 dots (ϳ0.2°/dot) that were moved in each of eight directions on separate trials to determine the neuron's preferred direction. Subsequent trials then presented motion in the direction that was most effective in driving the cell and (for some neurons) the opposite direction. Next we estimated the neuron's preferred direction for pursuit by having the monkey track target motion in each of eight directions. Neurons were selected for further study if they showed above baseline responses to pursuit across a dark background in at least one of eight directions. For many cells, we also assessed pursuit direction tuning during target stabilization for motion at 20°/s in eight directions. This allowed us to confirm that the direction used for target motion at different speeds was indeed the best direction for extraretinal signals. We never encountered a neuron where our initial estimate of preferred direction was very far off. To test whether responses of the neurons we encountered were modulated in relation to eye position rather than eye velocity de Oliveira et al. 1997; Thiele et al. 1997) , responses were recorded during a center-out saccade task. Ten neurons were not studied further because they exhibited responses that depended more strongly on the eye position during eccentric fixation after the saccade than on eye velocity during pursuit.
After culling our sample to include only neurons that responded selectively during pursuit and were directional for pursuit eye movements, we tested the relationship between firing rate and eye speed by presenting pursuit targets that moved in the preferred and null directions at speeds ranging from 0 to 30°/s. We collected sufficient responses to amass Ն10 stabilized and 10 control trials that lacked saccades during the stabilization period at each of six speeds in two directions as well as for a stationary target. Finally, we studied the relationship between firing rate and the speed of visual motion by delivering from 4 to 10 repetitions of patches of dots that moved at speeds ranging from 2 to 128°/s while the monkey fixated a stationary spot. tion and ended 100 ms after the end of stabilization. The same interval was used for all pursuit trials whether or not the target had been stabilized. We measured the mean eye velocity and the mean firing rate in the analysis interval for each trial. Trials that contained saccades within the analysis interval during target stabilization or the equivalent time period in control trials were excluded from analysis. For analysis of data obtained with visual motion during fixation, we measured the firing rate during the last 400 ms of stimulus motion. For analysis of the eye-velocity responses to perturbations of target velocity, we measured the peak-to-trough eye-velocity deviation in the response to the perturbation in individual trials. Trials that contained saccades near or during the peak or trough of the response to the perturbation were excluded from analysis.
To assess the directionality of neuron responses, firing rates were averaged for all trials in each direction, resulting in eight twodimensional vectors: the direction of each vector corresponded to the direction of target motion and the length was related to the firing rate of the neuron under study. The eight vectors were summed and the resulting direction was taken as the neuron's preferred direction. The opposite direction was taken as the null direction. We observed preferred directions that spanned 360°but with a bias toward ipsiversive pursuit that is in good agreement with data reported by others (Shenoy et al. 2002; Squatrito and Maioli 1997) .
To evaluate the relationship between firing rate and eye speed during pursuit (or image speed during fixation), we first assessed whether firing rates varied significantly as a function of speed.
Responses were subjected to a one-way ANOVA using speed as the main factor and a criterion of P ϭ 0.01. Six neurons were excluded from further analysis because their responses failed to exhibit a statistically significant relationship to speed during the interval of target stabilization. Responses to eye and image motion then were fitted with separate cubic smoothing spline functions (Shikin and Plis 1995) . For data obtained during pursuit, the knots of the spline functions were the eye velocities generated in response to target motion ranging from -30 to 30°/s (note that during steady-state pursuit, eye and target velocity are nearly identical). For data obtained with image motion during fixation, the knots were the stimulus velocities. The smoothness of the spline was set so that the fitted curves agreed well with visual inspection, and the same smoothness was used for all cells. The value of stimulus speed at the peak of the spline function was taken as an estimate of the neuron's best speed and the value of the spline at that speed was taken as the maximum firing rate. Preferred eye or image speed was always determined from responses to motion in the neuron's preferred direction of eye or image motion even when the preferred directions for eye and image motion differed. For responses to image motion during fixation, preferred speed was determined twice, once for the range of speeds present in the eye velocities during pursuit and once for the full range of image speeds delivered in the experiments.
Our methods for determining significance of the relationship between firing rate and speed and ascertaining preferred speed have been used by others to analyze the speed tuning of visual responses in area MT (Liu and Newsome 2003) . More traditional functions for fitting the relationship between firing rate and image or eye speed, such as skewed Gaussian functions (Priebe and Lisberger 2002) , were inappropriate for our dataset because firing rate simply increased monotonically with eye velocity for many MST neurons.
Ideal-observer analysis of relationship between behavioral and neural responses
Ideal-observer analysis was used to ask how well the firing rate of a neuron or the amplitude of a perturbation response could be used to estimate the corresponding ongoing eye velocity. The same basic analysis was applied first for the firing rate of MST neurons measured in 20-ms bins as a function of time from the onset of target motion and then for the responses to brief perturbations of target motion during steady-state pursuit. As a control to help interpret the ideal observer performance, we also estimated the precision of the eye-velocity signal itself. This control differs from the other two analyses in that the ideal observer's goal was to use eye velocity at each time point to estimate target velocity.
For neural data, measurements made from individual trials were grouped according to the ongoing eye velocity, providing seven distributions of firing rates, one for each speed including 0°/s. For behavioral perturbation data, trials were again grouped according to ongoing eye velocity, but this time yielding distributions of eyevelocity perturbation responses rather than of firing rates. For the eye-velocity control, distributions consisted of eye-velocity responses. For all data sets, one trial was removed from each of the seven distributions, yielding seven excluded responses. The remaining responses in each distribution were fitted with a normal probability density function. We then used the fitted functions to determine the distribution from which each of the excluded trials was maximally likely to have been drawn, and we scored the prediction as "correct" if the maximally likely distribution corresponded to the true target/eye velocity for that trial, and "incorrect" otherwise. The analysis was repeated by drawing seven different excluded trials until each of the 10 trials in each dataset had served as an excluded trial. The results of the 10 repetitions then were used to compute the percentage of correct assignments for the trials drawn from each of the original seven distributions. To provide shuffled data for statistical controls, the full set of responses was shuffled, each response was reassigned randomly to one of the seven target/eye speeds tested, and the analysis was repeated.
To ask whether performance might be improved by averaging responses across the population, we performed the ideal observer analysis on 10 population averages for each target/eye speed. Each population average was created by averaging the responses to each of the 10 trials in our dataset across all the neurons, yielding 10 population average responses for each target speed instead of 10 individual responses for each neuron. We then performed the ideal observer analysis as before. None of the results from ideal-observer analysis depended on the choice of the normal probability density function to fit the distributions: almost identical results were obtained using a Poisson probability density function to fit the response distributions, except that the percentage of correct assignments for both actual and shuffled data were ϳ2% higher than when the normal probability density function was used. Finally, we used two methods to decode the population response in MST. For both methods, we first averaged the firing rates from 9 of 10 trials at each speed for each neuron to create mean response templates for each speed of target motion. The remaining trial from each neuron and each target speed served as "test responses." Next, we asked which of our seven mean response templates was most similar to the test responses, as a function of time. For the maximum likelihood estimator (Pouget et al. 1998 (Pouget et al. , 2000 , we computed the distance between each speed template and the test response. The speed of the response template corresponding to the smallest distance was taken as the population maximum likelihood estimate of speed. For the population mean estimator, we computed the mean of the test responses for each template and the difference between the population mean and each of the response templates. The speed of the response template corresponding to the smallest difference was taken as the estimate of speed. For both methods, the analysis was repeated 10 times using each individual trial as a test response, and the estimates across repetitions of the analysis were assembled to determine the percentage of correct estimates of target speed.
R E S U L T S
In two monkeys, we recorded from 71 MST neurons that showed a statistically significant relationship between firing rate and eye speed during pursuit with stabilized targets. An additional 24 neurons were excluded from our sample for reasons outlined in METHODS. The responses during pursuit are shown in Fig. 2 , A and C, for two example MST neurons. Inspection of the rasters (right) reveals that both neurons showed directionally selective responses with increased firing for rightward pursuit, indicated by upward deflections of the traces. The responses began somewhat after the onset of pursuit (vertical dotted lines) and persisted during the interval when the target was stabilized with respect to the moving eye (between the 2 vertical dashed lines). This particular neuron was among the minority that had a weak sensitivity to eye position and therefore appears to be weakly speed tuned before the target started to move. Eye position before the onset of pursuit varied as a function of target speed because the initial position of the target varied to cause the time of target stabilization to occur as the target crossed straight-ahead gaze for all target speeds.
Plots of the average firing rate during the analysis interval (Fig. 2, B and D) show that firing rate increased as a function of eye speed in the preferred direction. Further, firing rate during target stabilization (black filled symbols and curves) was similar to that in the same interval for control trials without stabilization (gray open symbols and curves). Comparison of the average eye velocities elicited by target motion with (black traces in Fig. 2 , A and C) and without (gray traces) target stabilization revealed that pursuit was similar in the two conditions of target motion. Thus the small differences between the gray and black firing rate traces could reflect the presence and absence of image motion from the tracking target during control and stabilized-target trials, respectively.
For both example neurons in Fig. 2 , the peak of the curve relating firing rate to eye velocity (Fig. 2, B and D, large diamonds) was similar in the presence or absence of target stabilization. Analysis of our full sample of MST neurons revealed that neurons with similar preferred speeds for stabilized and nonstabilized trials were in the majority: when we plotted the best speed computed from responses during control trials as a function of those during target stabilization (Fig. 3A) , many neurons fell near the unity line. At the same time, a number of neurons had lower values of preferred speed during target stabilization than during control trials. The scatter in Fig.  3A (r ϭ 0.673, P Ͻ 0.01) emphasizes that visual inputs from the target can affect responses in MST and underscores the need to use stabilized targets to assess most accurately the relationship between firing rate and eye speed for the extraretinal response in MST. The analysis in Figs. 2 and 3 plots firing rate as a function of eye speed rather than target speed. Because eye speed can be somewhat less than target speed when the latter is 30 o /s, this choice blurs the important point that many MST neurons emitted their largest responses for the highest target speed we used to study pursuit. Of the 71 neurons we studied in MST, 30% gave the largest response for the largest target/eye speed during stabilized pursuit.
We next tested whether the neurons' best speeds during target stabilization changed when we considered the opponent motion response instead of only the response in the preferred direction. We estimated each neuron's opponent response for each speed of pursuit by subtracting the response to motion in the neuron's null direction from that for motion in the preferred direction, both recording with stabilized targets. For the example neurons in Fig. 2 , there was very little response during pursuit in the null direction, and the best speed computed using the opponent response differed little from that computed using responses in the preferred direction only. Analysis of our full sample of MST neurons revealed that almost all neurons showed the same preferred speed based on the opponent and preferred-direction responses (Fig. 3B) . A few outliers did have different preferred speeds for opponent verses preferred-only responses because they were not very directional.
Temporal evolution of pursuit responses
During the initiation of pursuit, the firing rate of MST neurons follows a trajectory similar to that of eye velocity. To compare the firing rate and eye velocity directly, we analyzed firing rate in 20-ms bins and eye velocity on a 1-ms time scale, normalized both traces so they had maximal values of one, and plotted them together. For both the individual neuron illustrated in Fig. 4A and the grand average from all 71 MST neurons in Fig. 4B , firing rate during the initiation of pursuit rose more slowly than did eye velocity, causing the appearance of a time lag of ϳ60 ms. However, the average MST response did rise from baseline in advance of the initiation of pursuit (Fig. 4B) . We attribute this early response to a small subset of neurons with short-latency responses during the initiation of pursuit, as also was reported by Newsome et al. (1988) ; in agreement with their report, most MST neurons started to respond somewhat after the initiation of pursuit. Both the neural and the eye-velocity responses had reached a plateau by the time the period of target stabilization began (vertical dashed lines), and neither response changed dramatically over the 300-ms stabilization period.
The analysis in Fig. 4 asks how well the average firing rate of MST neurons tracks eye velocity. We next turn this question around and ask how well an ideal observer would be able to guess eye speed in the preferred direction by looking at individual neural responses. For each individual neuron, we computed the time course of the performance of an ideal observer whose goal was to determine the eye speed that generated an individual neural response (details in METHODS). We express the result as percentage correct for the ideal observer, where random behavior would be 14% correct, given that there were seven target speeds (including 0). Analysis of the individual neuron that gave the best performance (Fig. 5A) shows that the ideal observer performance lags eye speed slightly. Although performance was considerably better than for shuffled data (blue trace), it was almost never better than 50%: an ideal observer mostly guessed eye speed incorrectly. Over the period of target stabilization, the time course of ideal observer performance based on the example neuron in Fig. 5A fluctuated between 30 and 50% (mean: 40%). When averaged across all 71 MST neurons (Fig. 5B) , the time course of ideal observer performance is not as good as in the example neuron. Over the period of target stabilization, it fluctuated from 23.9 to 25.9% (mean: 25.0%). To improve performance, we then generated population averages for each trial by averaging the firing rates of all the neurons (details in METHODS). Ideal observer performance was somewhat improved (Fig. 5C ): over the period of target stabilization, it fluctuated between 22.5 and 53.1% (mean: 40.1%). The values shown represent percent correct averaged over all the eye speeds tested, but note that these estimates did not depend strongly on eye speed, and were best for eye speeds of 5 o /s. Further, they improved by only 1-2% if we included analyses done only at each neuron's preferred speed. Our finding of relatively poor prediction of eye speed from the firing rate of MST neurons contrasts with the performance of an ideal observer attempting to predict target velocity from the eye velocity in individual trials (eye velocity control, see METHODS). During the stabilization, interval, target velocity was predicted correctly from eye velocity on 77.4% of trials.
We also tested two methods of decoding the population response in MST to see whether they could improve ideal observer performance at estimating target velocity. When we decoded the population response by averaging single responses drawn from each neuron in our population of MST neurons, target velocity was predicted correctly ϳ50% of the time.
When we used a maximum-likelihood estimator based on single responses drawn from each neuron in our population of MST neurons, target velocity was predicted correctly ϳ40% of the time. These latter two methods were chosen because they emulate the situation faced by the brain, where an estimate of target velocity must be formed on the basis of one response for each of the neurons in the population. Although it is not possible to test all plausible methods for decoding the population response in MST, we think that the high level of variation in the responses of MST neurons underlies the failure of the methods we have tested to estimate target velocity reliably. Thus we anticipate that other methods for decoding the population responses also would prove unreliable. We also are aware that the estimates might be improved if we had recorded a larger sample of neurons. However, prior analyses have indicated that the improvement asymptotes at a population of ϳ100 neurons, only slightly larger than our sample, when the variation in neural responses is correlated, as it is in many cortical areas. Although MST firing did not support very accurate performance in predicting target speed, it did start to predict correctly above-chance levels before the initiation of pursuit (Fig. 5 , B-E) as might be expected from the observation that the average firing rate of MST neurons also started to rise before the initiation of pursuit (Fig. 4B) .
Ideal-observer analysis of pursuit gain control
To provide a context for interpretation of the ideal-observer performance of our neurons, we performed the same analysis on a behavioral response that, like the neuronal responses, depends on eye velocity. We used the techniques of prior studies (Churchland and Lisberger 2002; Schwartz and Lisberger 1994) to measure the behavioral response to brief perturbations of target motion delivered during pursuit over the same range of seven speeds used for recordings in MST. For example, Fig. 6A shows examples of the average time course of eye velocity for perturbations delivered during pursuit at 2 and 10°/s. Figure 6B verifies the previous observation that the response to the perturbation is a function of the speed of pursuit at the time of the perturbation with larger responses for faster ongoing speeds (Churchland and Lisberger 2002; Schwartz and Lisberger 1994) .
We configured the ideal-observer analysis to ask how well an ideal observer could predict ongoing eye velocity if the observer was given the amplitude of the behavioral response to the perturbation in an individual trial. Performance ranged from 32% correct to 49% correct (Table 1) and averaged 35% over all experiments with perturbations that consisted of a single cycle of a 5-Hz, Ϯ8 o /s sine wave. Performance was considerably better for the actual data than for shuffled data (Table 1) . Ideal-observer performance did not depend systematically on the perturbation parameters tested.
The need to present perturbations during accurate tracking precludes assessment of how the ideal observer's estimate of eye velocity would evolve over time. It is not practical to present perturbations during the initiation of pursuit because the large amounts of image velocity present at that time make the responses too small and variable (Churchland and Lisberger 2001) . However, similar intervals were used for analysis of the responses to perturbations and the firing rate during target stabilization, allowing direct comparison of these two estimates even though they were obtained in different experiments. Over the 300-ms analysis interval, ideal-observer performance predicted target velocity correctly 40% of the time on the basis of the average firing rate across our sample of 71 MST neurons and 35% of the time on the basis of the amplitude of behavioral responses to brief perturbations of target motion. Figure 7 compares the retinal and extraretinal signals of individual neurons in MST by plotting the relationship between the firing rate of MST neurons and the speed of image motion during fixation and the relationship between firing rate and eye velocity during pursuit of stabilized targets. For the two example neurons illustrated in Fig. 7 , A and C, the onset of visual stimulus motion during fixation (vertical dotted line in the rasters) caused an initial transient response after a latency of ϳ80 ms followed by a sustained response that continued through the duration of stimulus motion. We measured the responses of MST neurons for image motion at speeds Յ128 o /s, but we have shown only those for speeds Յ30°/s to allow a fair comparison with the responses of the same neurons during pursuit of target motion at speeds Յ30 o /s. The preferred directions for image and eye motion were the same for the example neurons in Fig. 7 , but this was not routinely the case. For each neuron, the preferred speed has been derived for image and eye motion in their respective preferred directions. It was necessary to test responses to image motion using a dot texture rather than a spot target for two reasons. First, most MST neurons responded poorly to the motion of spot targets during fixation; second, the use of a dot texture that moved within a virtual stationary aperture prevented the stimulus from quickly reaching the edge of the screen for high speeds.
Relationship between firing rate and speed for retinal and extra-retinal signals
To exclude the transient responses from analysis of the responses to image motion during fixation, we computed the average firing rate in the 400-ms interval from 150 ms after motion onset to the end of stimulus motion. We also normalized each curve so that the maximal responses had values of Each cell in the table shows the percentage of correct decisions. Given 7 target velocities, random performance would yield 14% correct. The three major columns show predictions for three different perturbations (5-or 10-Hz sine wave, 4 or 8°/s), with the minor columns summarizing data for perturbations delivered during rightward and leftward pursuit. For each monkey, the two rows show the predictions based on actual versus shuffled data. one in each case. As before, the relationships were fitted with smoothing cubic spline functions to determine the speed of image or eye motion that provided the largest neural response. In different neurons, the best speeds for retinal (black filled symbols and curves) and extraretinal inputs (gray open symbols and curves) could be the same (Fig. 7D) or different (Fig. 7B) .
Across the full sample of MST neurons, we found little correlation between speeds of image and eye motion that caused the largest responses for retinal and extraretinal inputs. In the scatter plots of Fig. 8, A and B, each point plots the response of one neuron and shows the best speed for extraretinal inputs as a function of that for retinal inputs. To ensure that our conclusions were not affected by the different range of speeds we could test for pursuit and for visual motion presented during fixation, the analysis in Fig. 8A o /s, whereas 52 showed significant relationships when image speeds covered the full range Յ128 o /s. In Fig. 8A , regression analysis yielded a statistically insignificant correlation coefficient of 0.03; in Fig. 8B , the correlation coefficient of Ϫ0.3 was statistically significant (P ϭ 0.03). Note that our sample of responses to image motion during fixation may have been biased by our search procedure, which selected for further study only MST neurons that were clearly responsive during pursuit.
As illustrated in Fig. 9 , the peak response magnitudes for image motion during fixation and for pursuit were weakly correlated (Spearman's rank correlation, r ϭ 0.50 P Ͻ 0.01). On average, the maximum responses during image motion were slightly lower than during pursuit (image motion: 20.4 spikes/s; pursuit: 29.4 spikes/s) and this difference was significant (P Ͻ 0.05).
D I S C U S S I O N
We have used target stabilization in a dark room to eliminate image motion from both the background and the tracking target for a brief interval during sustained smooth-pursuit eye movements at different speeds. For the selected group of MST neurons that are direction selective during pursuit, our measurements of their responses during target stabilization provide a direct assessment of the relationship between firing rate and eye speed for the extraretinal signal. We found that extraretinal responses in area MST are related to eye speed. Our data agree with prior studies based on smaller samples and fewer speeds (Kawano et al. 1984; Shenoy et al. 2002) and demonstrate that measurements of MST responses during sustained pursuit without target stabilization provide an estimate of the extraretinal signal that is only somewhat imperfect.
The fact that lesions of MST cause deficits in both the initiation and maintenance of pursuit (Dursteler and Wurtz 1988) implies that the extraretinal and retinal components of MST neurons' responses play important roles in pursuit. We will consider possible roles as: eye-movement command signals to drive the initiation of pursuit; target-velocity signals to support the maintenance of pursuit; and control signals for regulating the gain of visual-motor transformation in pursuit.
Initiation of pursuit
Analysis of their latency and time course suggests that the pursuit responses of MST neurons are not entirely suitable to drive the initiation of pursuit. In agreement with prior reports, we found that the average pursuit response of MST neurons appears to begin before the onset of pursuit eye velocity, but that the rising phase of average firing rate lags the rising phase of pursuit eye velocity. The activity that precedes the onset of smooth eye velocity would be suitable to contribute to the initiation of pursuit, but the later activity lags eye velocity by too much to be a driving signal. The population average from our sample is consistent with the observation of Newsome et al. (1988) that most MST responses lagged the initiation of pursuit by Ն50 ms, while a small number of MST neurons began firing as much as 100 ms before pursuit initiation. In agreement with our data, Ilg and Thier (2003) also reported that the mean latency of MST pursuit responses was 50 ms shorter than the latency of the eye movements.
Our use of stabilized targets characterizes extraretinal signals only during sustained pursuit because we were not able to stabilize targets during pursuit initiation. Even though the dim, small pursuit targets used in our study were poor stimuli for driving visual responses in area MST, visual responses still may have contributed to the earliest part of the pursuit response. Ilg and Thier (2003) used a different stimulus to FIG. 8 . A comparison of the preferred speeds of the visual response during fixation and the extraretinal response during the period of target stabilization. ϩ and F, response of 1 neuron recorded in the 2 monkeys. A: preferred speeds were generated from responses to visual motion excluding speeds higher than those used to examine pursuit. B: preferred speeds were generated from responses to visual motion at all speeds tested, including 64 and 128°/s. measure the extraretinal response during pursuit initiation: they employed an "imaginary" target that provided image motion only in peripheral parts of the visual field, avoiding foveal stimulation. While their "imaginary" target does eliminate foveal image motion during pursuit initiation, it provides image motion on the peripheral retina that comprises the large receptive fields of most MST neurons. Thus it seems possible in their study as well that visual inputs contributed to the early parts of MST responses.
Maintenance of pursuit
A number of reports have suggested that the combination of retinal and extraretinal components of MST neurons may provide a signal related to target velocity (Newsome et al. 1988; Pack et al. 2001 ) that operates as a major control signal for pursuit (Robinson 1976) . According to the model suggested by these prior studies, neurons with retinal and extraretinal components of the same preferred direction would provide retinal inputs at target speed until eye velocity was initiated. As eye velocity increased and reached target velocity, the extraretinal signal would grow as the retinal signal shrank. As a consequence, the discharge of MST neurons would persist at the same level even when the eye is tracking the target and retinal inputs are small or absent. On the one hand, our data would be compatible with the idea that MST drives pursuit eye velocity: the size of the extraretinal component of MST responses often increases monotonically as a function of the eye speed during sustained pursuit. On the other hand, our data contradict the same idea at the level of single neurons by showing that the retinal and extraretinal components of individual MST neurons have different preferred speeds and different sensitivities to image and eye speed. Many individual MST neurons would respond quite differently to image motion at 30 o /s versus accurate pursuit at the same speed, even though target velocity is unchanged. However, we concede that this deficit could be obviated at the level of the population of MST neurons.
A greater concern is our finding that single neurons might be ill-suited to provide a signal related to target velocity simply because their responses are too variable. An ideal observer would only be able to discern target velocity correctly from the firing rate of an average neuron ϳ25% of the time. Ideal observer performance increases only from 25 to 50% when the population response is decoded. It is possible that more optimal decoding methods could improve ideal observer performance further particularly because the maximum likelihood decoder is more precise when larger numbers of neurons provide a better estimate of firing rate covariance (this explains why the maximum likelihood estimate in Fig. 5E is worse than the population estimate in D). Combining neural responses using an optimized weight for each neuron might also have yielded an improved population estimate, but we were reluctant to add so many free parameters when trying to estimate a relatively small number of eye velocities. However, it seems difficult to bridge the large gap between the 50% correct based on population averages and Ն80% correct that would be needed to drive eye velocity accurately. Therefore poor ideal-observer performance for single neurons at least raises the possibility that MST neurons are too imprecise to provide a coherent signal for driving eye velocity.
It is now generally accepted that velocity memory in the form of positive feedback of eye velocity supports the maintenance of pursuit even in the absence of any image motion during target stabilization . If the extraretinal component of MST responses arose via feedback to the cortex from the cerebellum, then MST could be part of the positive feedback pathway that supports pursuit maintenance. During pursuit across a structured scene, the function of a positive feedback pathway through MST might be enhanced by the retinal inputs to MST neurons, which often show the opposite direction selectivity relative to the extraretinal signals Shenoy et al. 2002) . Again, however, our finding that the firing of MST neurons reveals eye velocity only imprecisely implies that the output of MST might be better suited to a component of pursuit that predicted eye velocity relatively poorly when subjected to the ideal observer analysis. Even if the extraretinal signal in MST were used for other purposes, excellent steady-state tracking during pursuit maintenance still could be mediated by eye velocity positive feedback through the cerebellum (Lisberger and Fuchs 1978; Lisberger and Miles 1980) .
Regulation of visual-motor gain
Recent analyses of the pursuit system have uncovered an internal gain control that changes as a function of eye speed. The setting of the gain control under different conditions can be probed by recording the eye velocity evoked by brief perturbations of target motion. In both monkeys and humans, the setting of the gain control increases as a function of the steady tracking eye velocity at the time of the perturbation (Churchland and Lisberger 2002; Schwartz and Lisberger 1994) . By subjecting the behavioral responses to the same ideal observer analysis used for the neuronal responses in MST, we were able to compare the resolution of visual-motor gain with the resolution of MST eye-velocity signals. We used the size of the eye velocity responses to brief perturbations of target velocity as estimates of the setting of the gain control. Our analysis revealed that an ideal observer would predict eye velocity about as well from the size of the responses to perturbations as from the responses of MST neurons. Thus the extraretinal signal in MST is suitable in two ways for regulating visual-motor gain: it often increases monotonically as a function of eye velocity (i.e., Fig. 2D ) as does the visual-motor gain (Schwartz and Lisberger 1994) , and it has a suitable eye velocity resolution. It would interesting to examine firing rates in MST neurons during trials that presented perturbations during ongoing pursuit; however, results would be difficult to interpret for two reasons. First, both eye and image motion are present during perturbations and a change in neural response could reflect either. Second, a change in neural response during perturbations could reflect a change in visual-motor gain but would be expected no matter what role MST plays in pursuit because neural responses depend on eye velocity.
A cause-and-effect relationship between activity in the frontal pursuit area (FPA) and gain control has been demonstrated by applying micro-stimulation in the FPA during brief perturbations of target motion (Tanaka and Lisberger 2002) . In the FPA, microstimulation gives rise to enhanced responses to brief target perturbations, implying that activity in the FPA controls the internal gain of visual-motor transmission for pursuit. The same idea has not been tested directly using micro-stimulation in MST, although the results of prior experiments using microstimulation in MST indicate that it may override visual inputs for pursuit rather than enhancing them (Komatsu and Wurtz 1989) . Still, anatomical evidence indicates that MST projects to FPA (Tian and Lynch 1996) , leaving open the possibility that the extra-retinal component of the output of MST provides inputs to the FPA that ultimately influence the visual-motor gain for pursuit.
